Abstract-A solar PV system was modelled and the effect of lightning striking different parts of a solar PV system was studied and the results discussed appropriately. Lightning strikes of different wave shapes and different magnitudes were considered. The purpose of this research is to observe the transient current and voltage that appears in a solar PV system when struck by lightning. The results show that a transient current will appear at the nearest point to the lightning strike and the value of the transient current is same as the lightning current, while the transient voltage will appear at AC side at any point of lightning strike. This could damage the inverter which requires a high cost to repair or replace. The information of this paper can be useful to decide a suitable lightning protection system before installing a solar PV system.
INTRODUCTION
Nowadays, photovoltaic (PV) solar panels have moved to the forefront of public and industry awareness and have become a new sustainable electricity generation option to replace rapidly depleting fossil fuels. An increase in solar PV performance has taken place as some researchers have studied this new generating technology and have produced solar tracking systems [1] and maximum power point tracking systems [2, 3] .
As we know, Malaysia is a tropical country located in Southeast Asia that lies entirely in the equatorial zone which contributes to its high potential for solar PV development. Other than this advantage, the disadvantage is that Malaysia also is highly exposed to lightning and thunderstorm activities. The United States National Lightning Safety Institution reported that Malaysia has an average thunder level within 180-260 days per year [4] . Solar PV systems are usually installing in large, open areas in unobstructed locations for efficient operation to avoid the effects of shading. However, at the same time open areas expose the solar PV panels to the threat of a lightning strike during thunderstorms. Such a lightning strike can cause damage to solar PV modules and also the sensitive electronics parts such as the inverter. This will contribute to the high cost of repair or replacement of the damage parts and also affect the solar system reliability.
When a lightning strike hits a solar PV system it will cause an induced transient current and voltage within the solar PV system wire loops [5] . These transient currents and voltages will appear at the equipment terminals and cause insulation and dielectric failures within the solar PV electrical and electronics components such as the PV panels, inverter, and control and communications equipment [6] [7] .
An ultra-rapid transient phenomenon will occur when there is a lightning strike and usually the transient is measured in kV/kA to MV/MA. The objective of this simulation is to obtain the value of the transient that occurs when lightning strikes at different parts of a solar PV system with different wave shapes and magnitudes of lightning impulse current. The simulation is performed using Power System Computer Aided Design (PSCAD).
The purpose of this research is to find the value of the transient current and voltage that appears when a lightning strike a solar PV system. This information can then be used to determine suitable protection to protect the solar PV system from damage. This will help to reduce the cost of replacing the expensive parts of the system.
II. SOLAR PV SYSTEM
A solar PV panel contains solar cells that convert sunlight energy to electricity. When a solar cell is exposed to sunlight, the photons with energy greater than the band-gap energy of the semiconductor are absorbed and create a number of electron-hole pairs proportional to the incident irradiation [8] . These carriers are swept along and create a photocurrent under the influence of the internal electric fields of the p-n junction which are directly proportional to the solar insolation [9] .
The solar PV system in this present study was modelled in PSCAD/EMTDC as shown in Figure 1 that mainly consists of a PV array model, DC Link Capacitor, threephase inverter using six Insulated-Gate Bipolar Transistors (IGBT), and a LCL filter. The PV array icon in the PSCAD was modelled to produce 24 kilowatts from 96 modules consisting of four parallel strings each of 24 modules in Inverter series. The irradiance was set at 1000 W/m 2 and the temperature was defined as 25 °C referring to the standard test conditions (STC) [10] . The DC link capacitor is used to minimise the voltage ripple across the solar PV and also to act as a sink and source for every cycle to help create a balance of power on the DC bus [11] .
The DC output is then converted to the AC output using six IGBT. The firing pulses of these six IGBT are generated using the Sinusoidal Pulse Width Modulation (SPWM) technique, where three sinusoidal modulating waves are compared to a triangle carrier wave [12] . The DC output of this solar system can be seen in Figure 2 and the AC output in Figure 3 . 
III. LIGHTNING IMPULSE CURRENT
The research into lightning current waveforms was initially started in 1941 by Bruce and Golde [13] [14] [15] . Different mathematical expressions have been used since that time to describe the lightning current waveform and the double exponential expression is used as shown in Equation 1.
where α and β are formula constants and remain to be determined for the lightning impulse current waveform. These two important parameters will derive the tail time, t t and front time, t f respectively. Figure 4 shows the shape of this function. Referring to the IEEE standard, the suggested value for the lightning current and voltage impulses are 8/20 μs and 1.2/50 μs respectively [16] . However in this paper, only the lightning impulse current will be considered using the standard value given by the IEEE and other non-standard values such as 0.25/100 μs, and 10/350 μs. This lightning impulse current was model in the PSCAD/EMTDC as shown in Figure 5 . In this study a lightning impulse current is assumed to strike at two different points. Point A is between the solar panel and the inverter and Point B is after the inverter as shown in Figure 6 . The different points of the strike will have a different effect and this effect will show a specific trend. A different wave shape and different magnitude will be used for the lightning impulse current that is applied as the lightning current source and the results will be compared and discussed accordingly. The maximum output power of the solar system is 24 kW generated from 96 solar PV modules. The DC side attribute is that when the voltage is in time with the current it is closely equal to 24 kW. Table 2 shows the lightning impulse current for a wave shape of 0.25/100 μs with magnitude from 20 kA-100 kA.
In the simulation the lightning effect can be seen for the whole solar PV system even when the strike point is far away. When the lightning strikes at Point A the solar PV panel and the inverter will most likely be damaged. However when the lightning strikes at Point B only the inverter will be damaged. Therefore a protection device is required to protect the inverter and filter because of the expensive cost of these items. The high transient of current appears at the DC side when lightning strikes Point A and a high transient current appears at the AC side when lightning strikes Point B. The voltage transient is highly likely to occur at the AC side for both strike points. Table 3 compiles the results of the lightning impulse current for a wave shape 8/20 μs with magnitude from 20 kA-100 kA. The value of the voltage and current transient; V max and I max that appeared for a wave shape of 8/20 μs is the similar value for the 0.25/100 μs wave shape. Table 4 is the result of a lightning impulse current for a wave shape of 10/350 μs with magnitude from 20kA-100kA. As can be seen, the wave shape for 10/350 μs also has the same behaviour as the wave shape 0.25/100 μs and 8/20 μs. From the results, it shows that the transient current appears at the lightning strike point and the transient voltage is high at the AC side. However the values of the transients are mostly high at the AC side. The reason for this behaviour occurring is because in a solar PV system, the inverter behaves as a current source, so it tries to draw a balance between the three sinusoidal currents.
If lightning strikes with the same magnitude as a previous strike, the values of the transient current and voltage are almost similar. However the value of the high transient is based on the long duration of the tail time. The longer the tail time of the lightning strike, the higher the transient that will occur.
V. CONCLUSION
In conclusion, the transient behaviour of a solar PV system was obtained for different wave shapes with different magnitudes. The results show that when lightning strikes, a transient current will appear at the nearest point to the strike and the value of the transient current will follow the lightning current. For a solar PV system, a high voltage transient appears at the AC side at the inverter, thus causing damage to the inverter. The result of this paper can be use in order to determine the suitable protection level for the solar PV system. 
